The reversible transformation of substrates by several electron equivalents is a key goal of chemical energy storage. 1 Toward this aim, extensive effort has been devoted to study catalysts that mediate the multi-electron reduction of substrates including protons, CO 2 and N 2 .
2 In order to achieve such transformations with minimal energy input, catalysts that operate at low overpotentials are desired. Toward this end, we 3 and others 4 have been investigating cobalt tetra-imine macrocyclic complexes that are able to mediate the reduction of weak acids to H 2 at comparatively low overpotentials. Using a Co(dmgBF 2 ) 2 (CH 3 CN) 2 (dmgBF 2 = difluoroboryldimethylglyoxime) precatalyst, near-quantitative Faradaic yields can be obtained for the electrocatalytic reduction of H + using CF 3 COOH as the proton source, with promising kinetic efficiency at an overpotential of less than 100 mV. 3 While the interconversion of proton and electron equivalents does not necessarily require more than one metal site (to effect twoelectron reduction), the reduction of more highly-oxidized substrates such as CO 2 or NO 3 À may be facilitated by multimetallic scaffolds. Such molecular constructs featuring more than one metal site can potentially transfer multi-electron equivalents, as well as facilitate the binding of weak donor ligands through cooperative pathways. Within this context, our group has begun to target bimetallic analogues of various Co(dmgBF 2 ) 2 L 2 complexes that have the ability to undergo several (44) reversible redox events with the ultimate goal of transferring the multiple redox equivalents to substrates of interest. Herein, we describe a series of dicobalt macrocycles that support up to five oxidation states and are also active electrocatalysts for proton reduction at comparatively low overpotentials.
A bimetallic macrocycle that incorporates two Co-centers within a planar imine environment can be realized using pyridazine-based building blocks (Fig. 1) . 5 The pyridazine dioxime precursors are accessible from the appropriate pyridazine dicarbonyl following condensation with hydroxylamine. An anionic borate linkage has been included in the design presented here to decrease coulombic repulsions between H + and positively-charged Co-species.
A series (R = H, Me, Ph; Fig. 1 (Fig. 2d) , shows that the coordination environments of the two Co centers are different, with one 5-coordinate square pyramid and one 6-coordinate octahedron. However, the structure was disordered over two crystallographically identical sites, so a meaningful discussion of the variances in the bond lengths and angles cannot be presented. The structural characterization of a related Co II Co I complex is presented in the ESI (Fig. S9w) III product was isolated and characterized by X-ray diffraction (Fig. 2b) Fig. S10 and S11w) on a slower time scale than the first oxidation, with B95% conversion and without the appearance of any additional intermediates, even at À40 1C. Fig. 4; ESI Fig. S22 and S23w). This behavior is consistent with a catalytic process in which an electroactive species reacts at the electrode at a faster rate than the scan rate of the electrochemical experiment. The intensity of the catalytic wave for [L
Me
Co 2 ]
2+ increases dramatically upon the addition of acid equivalents, and the current response maintains a peak shape throughout the additions, which suggests that the electrocatalytic reduction of protons is limited by diffusion to the electrode surface. 16 More detailed studies are in progress.
In summary, a new series of bimetallic macrocycles has been prepared that incorporate zwitterionic difluoroboryl linkages into a pyridazine-templated construct. These were initially targeted within the context of electrocatalytic proton reduction at low reduction potentials because the management of protons and electrons is a critical step that needs to be addressed if one wants to later redirect such reactants toward other substrates. The macrocycle complexes were also found to accommodate five redox states, including unusual mixedvalence complexes of Co II Co I and Co II Co III . Multi-metallic scaffolds such as these are attractive complexes to explore within the context of directing cooperative substrate binding and subsequent multi-electron transfer reactions. Their ability to support four reversible one-electron redox events across two nearby metal centers underscores this latter point.
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